The objective of the present work is to design the control systems required to hold altitude and heading in severe atmospheric disturbances in cruise flight for the Unmanned Airplane for Ecological Conservation using modern control design techniques. The airplane mathematical model in open-loop was defined by the linearized longitudinal and lateraldirectional equations of motion. Different control systems were designed based on modern control design techniques. These are the eigenstructure assignment or polo-placement technique, linear quadratic design with full state feedback, and linear quadratic Gaussian design. To verify the design of control systems, simulations of the open-loop and closed-loop systems were performed, and each control system was tested. The atmospheric disturbances considered were the gust disturbance, which was idealized by the one-minus-cosine gust profile, and the atmospheric turbulence, which was modeled by Dryden's function. The control systems designed to hold in-flight altitude and heading achieved their purpose. In any simulation, the maximum load factor, the stall speed and the maximum dive speed were not achieved. 
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The objective of the present work is to design the control systems required to hold altitude and heading in severe atmospheric disturbances in cruise flight for the Unmanned Airplane for Ecological Conservation using modern control design techniques. The airplane mathematical model in open-loop was defined by the linearized longitudinal and lateraldirectional equations of motion. Different control systems were designed based on modern control design techniques. These are the eigenstructure assignment or polo-placement technique, linear quadratic design with full state feedback, and linear quadratic Gaussian design. To verify the design of control systems, simulations of the open-loop and closed-loop systems were performed, and each control system was tested. The atmospheric disturbances considered were the gust disturbance, which was idealized by the one-minus-cosine gust profile, and the atmospheric turbulence, which was modeled by Dryden's function. The control systems designed to hold in-flight altitude and heading achieved their purpose. In any simulation, the maximum load factor, the stall speed and the maximum dive speed were not achieved. = correlation length of turbulence n y , n z = load factors in y and z axes Q, R = weighting matrices for linear quadratic regulator problem Q n , R n = weighting matrices in the algebraic filter Riccati equation P = Riccati matrix p, q, r = roll, pitch, and yaw rates p g , q g , r g = rotary gust velocities about x, y, and z axes t = time u, v, w = longitudinal, lateral and vertical components of velocity u e , v e , w e = longitudinal, lateral and vertical components of gust velocity respect to earth axes u g , v g , w g = longitudinal, lateral and vertical components of gust velocity respect to wind airframe axes u o = initial forward speed v go , w go = maximum lateral and vertical gust velocities w A , w B = weighting factors wn = write noise function x, η, ξ = state, control, and gust disturbance vectors β = sideslip angle β g = sideslip angle of gust velocity δ a , δ e , δ r = aileron, elevator, and rudder deflections ζ = damping ratio θ, φ, ψ = pitch, roll, and yaw angles σ T = standard deviation of turbulence ω = gust frequency ω n = undamped natural frequency
I. Introduction
HE atmospheric disturbances may modify flight altitude and heading of an airplane; additionally, these could make an aircraft reach adverse and dangerous conditions as wing stall and maximum load factor. For these reasons, the flight control systems to hold in flight altitude and heading have to be designed to avoid these undesirable events.
The classical and modern control theories have been employed in flight control system design. Modern control techniques have been applied in the aircraft industry in last decades, offering advantages over the classical control techniques, because those are available for working over a multi-input/multi-output systems. 1 The Unmanned Airplane for Ecological Conservation has been developed to patrol petroleum extraction areas looking for oil leakages. The aircraft is a twin-boom monoplane, powered by a pusher propeller driven by a twostroke piston engine of 26 kW. It has a maximum take-off mass of 182.055 kg, wingspan 5.187 m, geometric mean chord 0.604 m, and wing area 3.1329 m 2 .
2,3
The objective of the present work is to design the control systems required to hold altitude and heading in severe atmospheric disturbances in cruise flight for the Unmanned Airplane for Ecological Conservation using modern control design techniques. For this reason, different control systems had been designed using modern control design techniques. These were eigenstructure assignment or polo-placement technique, 1, 4 linear quadratic design with full state feedback, 1 and linear quadratic Gaussian design.
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II. Atmospheric Disturbances
Atmospheric disturbances during flight are hazardous events that involve random variations in wing velocities. In this case, the velocity field has to be considered as frozen in space momentarily while the airplane transits through it with constant velocity. This velocity field (the input to the airplane) is modeled by a deterministic form (gust) and by a random form (turbulence). 5 The gust disturbance is idealized by the one-minus-cosine gust profile, which is specified by FAR 23 6 to determine gust-induced load factor and response. Equation (1) defines the lateral and vertical velocities for 0≤ t ≤ 2π/ω, where
The atmospheric turbulence is modeled by Dryden's function; it is shown by Eq. (2) in its state space form:
Through the Euler angle transformation, the relationship of the velocity components of the wind affecting the airplane, u e , v e , w e , to u g , v g , w g , can be expressed by Eq. (3). 
III. Airplane Open-loop Dynamic System
The airplane mathematical model in open-loop is defined by the linearized longitudinal and lateral-directional equations of motion. Both, the linearized longitudinal and lateral-directional equations of motions are formulated in state space and represented mathematically as x & =Ax + Bη + Cξ, where A is the state matrix, B the control matrix, and C is the gust disturbance matrix. 4 The longitudinal and lateral-directional matrices A, B and C values were calculated using the aerodynamic data presented in Ref. [8] , at 54.2056 m/s of forward speed, altitude 2,438 m at standard atmosphere in Venezuela. The values of rolling, pitching, and yawing moments of inertia used were 150, 400, and 400 kg·m 2 , respectively. The state-space longitudinal and lateral-directional representations of the ANCE dynamics are shown in Eqs. (5) and (6) [ ] Five eigenvalues were obtained from the longitudinal state matrix at cruise condition: two complex pairs representing the short-period and the phugoid mode, and the other root, real, representing a non-oscillatory mode.
9 Table 1 shows the longitudinal mode eigenvalues, natural frequencies, and damping ratios. The two pairs of eigenvalues are complex and these have negative real parts, which mean the airplane is dynamically stable in these modes. The fifth mode eigenvalue associated with the change in altitude is zero. This means that is neutrally stable.
The eigenvalues associated with the linearized lateral motion were five; one pair associated with the Dutch roll mode, one root with the roll mode, one with the spiral mode, and the last one with the heading. Table 2 shows the characteristic values for the lateral-directional motion. The roots related with the Dutch roll mode, the roll mode, and the spiral mode have negative real parts, describing stable motions. The last eigenvalue is zero, indicating the heading variation is neutrally stable.
IV. Modern Control Theory
A. State Feedback
The linearized equations of motion of an aircraft with atmospheric disturbances are written in the state-space form:
With x(t) ∈ R n the state, η(t) ∈ R n the control input, ξ(t) ∈ R p the gust input, and y(t) ∈ R r the measured output. The feedback control input is of the form: 
The control input without state feedback or an auxiliary input is η p (it can be the remote pilot command) and the feedback gain is K, an n × m matrix. 1, 4 Figure 1 presents the block diagram representation of the system. 4 The closed-loop system is yielded when the control [Eq. (8) 
The augmented matrix or closed-loop plant matrix is (A -BK T ). For a desirable closed-loop performance a proper feedback gain must be selected. 1, 4 Next, two design procedures to select appropriate feedback gain are discussed: the eigenvalue or polo placement and the linear quadratic design with full state feedback.
1. Eigenvalue or Polo Placement by full state feedback Eigenvalue or Polo Placement design procedure involves assigning the poles in multi-input/multi-output systems to desired locations in one step by solving equations for the feedback gains. 1 In this method, the characteristic equation of the form 0 [ ]
Linear Quadratic Regulator with state feedback
The objective of a state regulator is to drive any initial condition error to zero; such a system is stable. In a control system defined in the state-space form by Eq. (7) and D equals to the identity matrix, the aim could be found by selecting the control input η(t) to minimize a quadratic cost or performance index of the type expressed in Eq. (13) , where Q and R are symmetric semidefinite weighting matrices. 
The Kalman gain can be calculated by Eq. (15).
B. Linear Quadratic Gaussian design
The Kalman filter is an observer that is used to estimate the uncertainty, as for example the atmospheric disturbances. Thus, the Kalman filter joined with the linear quadratic regulator are used to design a dynamic regulator. This is called linear quadratic Gaussian (LQG) design. 1 The plant and measured output are given by Eq. (7). Equation (9) 
The estimate states are represented by x , which are used in the feedback control:
Finally, the closed-loop system is represented by Eq. (18) 1 and Fig. 2 .
The filter gain is computed by the algebraic filter Riccati equation:
The error covariance (P) is calculated by Eq. (19), and then using Eq. (20) it is possible to obtain the steady-state Kalman gain.
V. Control Systems Design
The control systems have to hold altitude and heading using the airplane control surfaces, which are the elevator, aileron, and rudder and are shown in Fig. 3 . These could be deflected safely from +15 deg to -15 deg. The change in altitude would be controlled by the elevator independently of the change in heading, which could be controlled by aileron and rudder. For these reasons, two control systems were designed to control the airplane simultaneously to hold altitude and heading in severe atmosphere disturbances, respectively.
The control systems must accomplish these missions keeping the airplane inside the flight envelope; to be precise, this must not exceed the load factors calculated for each speed, not exceed the dive speed, and not reach the stall speed. Figure 4 shows the flight envelope of the ANCE at 2,438 m over sea level.
For the design cases, it is supposed that the states are measurable and equal to the outputs, and the matrix D is assumed equal to the identity matrix.
A. Eigenstructure Assignment or Polo-Placement
Autopilot System to hold-altitude
The longitudinal equations of motion of the aircraft are in the form shown in Eq. (7) and the closed-loop system is achieved with Eq. (9). The augmented matrix must have a desirable closed-loop performance, which means, all the states should be convergent, including the change in altitude. The desirable eigenvalues are located in a way that they mean that the change in altitude convergent and to improve the phugoid mode, increasing the damping ratio. These are: Table 1 illustrates the dynamic characteristics achieved with the desired eigenvalues.
Autopilot System to hold-heading
The desirable eigenvalues were located as shown: λ 1,2 = -0.711930935±3.231286074i, λ 3 = -7.924511623, λ 4 = -0.025901472, and λ 5 = -0.08, making the function of change in heading convergent. It was necessary to transform the control matrix in a modified control matrix to apply the Bass and Gura method, using Eq. B. Linear quadratic design with full state feedback The problem in the linear quadratic regulator (LQR) design is to choose the appropriate weighting matrices Q and R to solve the algebraic Riccati equation, and then to obtain the feedback gain. One way is calculating the Q and R matrices using the maximum desired deviations of the outputs (x i ) and the controls input (r i ), and Q and R may be selected as { } . 1 Another way is to consider the dynamic behavior of the system, and the weighting matrices must be tuned in to accomplish the restrictions of the airplane. This is discussed later.
Autopilot System to hold-altitude using the maximum desirables values
The weighting matrices Q and R were calculated by Eq. 24. The maximum variation of the longitudinal and vertical components of velocity were fixed equal to 5 m/s for each one, the maximum desired change in altitude was 10 m, and the maximum change in elevator deflection was ±10 deg (±0.1745327 rad).
The linear quadratic regulator algorithm was solved by MATLAB®, 12 which used the open-loop system values presented in Eq. (5) and the weighting matrices in Eq. (24). The feedback gain achieved is expressed by Eq. (25). Table 1 shows the dynamic characteristics of the closed-loop system.
[ ] 
2. Autopilot System to hold heading using the maximum desirables values The maximum variation for roll and yaw angles is preferred equal to 1 deg. For sideslip angle, roll rate, and yaw rate, the maximum desired deviation is 1 rad, and the maximum aileron and rudder deflection is ±10 deg. Equation (26) was used to estimate the weighting matrices.
The advanced computer program for mathematical applications MATLAB® 12 was employed to solve the LQR algorithm, and to compute the gain matrix shown in Eq. (27). Table 2 presents the damping ratio and the undamped natural frequency of the closed-loop system. 
C. Linear Quadratic Gaussian design
The combination between the Kalman filter with the linear quadratic regulator is used to control the airplane and to reject the atmospheric disturbances. The Kalman filter is used to estimate the uncertainty caused by atmospheric disturbances in the longitudinal mode. The system is shown in Eq. (18) and Fig. 2 .
In the LQG regulator design, the problem is to obtain appropriate feedback gain and steady-state Kalman gain. The algebraic Riccati equation was solved to compute the feedback Kalman gain according to Eqs. (14) and (15). Equation (19) was applied to obtain the error covariance, which was used to calculate the steady-state Kalman gain.
In both cases, the weighing matrices must be chosen to achieve matrices K and L k , which meet the requirements of the problem.
If we consider the dynamic behavior of the system, the weighting matrices must be tuned in to accomplish the restrictions of the airplane. This tuning in can be achieved by iteration. The iteration may be done manually or using a non-linear optimization program that tunes in these matrices in an optimal way while this keeps the inputs and outputs within a desirable limit.
The weighting matrices Q and R are independent among the different states and the inputs, then, the diagonal values in the weighting matrix Q must be tuned in, in this case, six decision variables for an optimal tuning. The diagonal values in the weighting matrices Q n and R n are chosen in the same way, tuning the values looking for the best state estimator.
The longitudinal and lateral-directional model of the airplane with the atmospheric disturbance model previously presented in this manuscript was loaded in a numerical iteration program, 12 and using sequential quadratic programming (which is a non-linear optimization algorithm), the diagonal values of the weighting matrices Q, R, Q n and R n were tuned in using the minimizing cost function shown in Eq. [ ] 
VI. Simulations
In order to observe the response of the airplane in time-domain, a computer program was written in Visual Fortran 13 to perform flight simulations. This program solves the airplane equations of motion in state space form by a classic four-order Runge-Kutta method. The program takes the stability coefficients of a given aircraft and calculates the stability derivatives at a given altitude. When the altitude changes by a disturbance, the program computes a new series of stability derivatives using the corresponding air density. An atmospheric model is added to the program to implement this capability. The program adds atmospheric disturbances like gust and turbulence using the model previously shown in this manuscript.
Besides simulating an open-loop system, the program may simulate closed-loop systems. This has the capability to recreate the state feedback described in Eq. (9) and Fig. 1 , and the state observer with state feedback presented in Eq. (18) and Fig. 2 .
The simulator was used to simulate the airplane mathematical model as an open-loop system. In addition, to verify the design of control systems, two simulations were done using the feedback control. The longitudinal and lateral-directional feedback gains obtained via polo-placement and linear quadratic regulator design were used in these two runs, respectively. Additionally, another simulation of the airplane with the linear quadratic Gaussian regulator was completed. In this, the longitudinal Kalman gain and the steady-state Kalman gain computed by the minimization cost function with linear quadratic Gaussian design were utilized. For the lateral-directional control, the state-feedback control using the Kalman gain was applied.
The atmospheric disturbances used in each simulation are as follows: severe turbulence (L T =150 m, σ T =2.2 m/s) plus a vertical wind gust w go =15.24 m/s and a lateral wind gust v go =3.048 m/s. These are the most severe conditions described in the literature that must be taken care of during flight, 7 and the maximum lateral gust velocity was set to be a fifth of w go . Each simulation started with 54.2056 m/s of initial forward speed, standard atmosphere at 2,438 m over the sea level in Venezuela. To guarantee a good convergence of Runge-Kutta method, the time step used in each simulation is equal to 0.015 s. Figures 5 and 6 show the time-domain response of the unmanned vehicle in longitudinal and lateral-directional modes, respectively. Tables 1 and 2 compare the dynamic characteristics obtained with each control system designed to hold in flight altitude and heading. The eigenvalues, damping ratios and undamped natural frequencies of the equivalent system obtained with the polo-placement technique show a stable and convergent system. The equivalent system obtained with the linear quadratic regulator design illustrates a stable and convergent system. The damping ratios and the undamped natural frequencies obtained from this equivalent system are larger than those from the polo-placement technique. The lateral-directional LQR equivalent system presents a new oscillatory mode, identified as the roll mode, and the spiral mode is neglected. The longitudinal linear quadratic Gaussian regulator equivalent system presents ten eigenvalues: five from the system, and the other ones from the observer. These eigenvalues illustrate a stable and convergent system in the longitudinal dynamics.
VII. Discussion
The behaviour of the equivalent systems is not different from the performance presented by the time-domain response of the airplane shown in Figs. 5 and 6. These show that the airplane is longitudinal and lateral-directional dynamically stable (mentioned earlier in this paper and also in a previous work 8 ), but it cannot hold altitude and heading by itself. The control systems designed to hold in flight altitude and heading achieve their purpose. The time-domain response of the airplane shows that the linear quadratic regulator carries the airplane change in altitude and change in heading to zero faster than the control systems designed by polo-placement technique, although the changes in aileron, elevator and rudder deflections are substantially larger for the LQR control systems.
The time-domain response of the airplane controlled by the linear quadratic Gaussian regulator shows that this control takes the airplane change in altitude to the reference faster than the other two controls, and the change in elevator deflection is smaller and slower than the other ones. In any simulation, the maximum load factor, the stall speed and the maximum dive speed were not achieved.
VIII. Conclusion
In order to design control systems able to hold altitude and heading in severe atmospheric disturbances, three design techniques enclosed in the modern control theory were used. The polo-placement technique and the linear quadratic regulator design were used to propose control systems to hold altitude and heading. The linear quadratic Gaussian design was used to design a control system capable of filtering the severe atmospheric disturbances while holding the altitude. All the control systems created demonstrate via simulation that they can achieve their task. The airplane achieves fewer changes in altitude and heading using the LQG regulator and the LQ regulator, respectively, than using any other control. It is possible to create control systems to hold in flight altitude and heading in severe atmospheric disturbances for the Unmanned Airplane for Ecological Conservation using modern control design techniques.
